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ABSTRACT 

The Apol lo  Un i f i ed  S-Band System uses a Pseudo-  
Random Code f o r  Ranging (sometimes d e s i g n a t e d  Pseud-o-Random 
N o i s e ) .  The spectrum of  t h i s  code i s  of  i n t e r e s t  i n  t h e  
o v e r a l l  l i n k  and i n  i t s  e f f e c t s  on t h e  Lunar Module (LM) 
s p a c e c r a f t  t r a c k i n g  an tenna .  

The fundamental  c o r r e l a t i o n  components, which add 
t o  form t h e  composi te  Apollo Pseudo-Random Range Code c o r r e -  
l a t i o n  f u n c t i o n ,  are de termined .  The spectrum i s  found from 
these  components. 

S t a r t i n g  w i t h  t h e  b a s i c  p r o p e r t i e s  o f  Pseudo-Noise 
(PN)  Sequences,  some expe r imen ta l  data  on t h e  composi te  c o r r e -  
l a t i o n  f u n c t i o n ,  and through t h e  use  of  Karnaugh Char t s ,  t h e  
c o r r e l a t i o n  components a r e  de te rmined .  The spec t rum i s  t h e n  
found th rough  t h e  Wiener-Khintchine r e l a t i o n s h i p .  

da ta .  The e x p e r i m e n t a l  d a t a  i s  somewhat l i m i t e d  i n  t h a t  o n l y  
t h e  h i g h e r  l e v e l  components are  c l e a r l y  e v i d e n t .  The ve rv  
c l o s e  agreement i n  these  cases  p r o v i d e s  conf idence  t h a t  t h e  
c a l c u l a t e d  r e s u l t s  are  a l s o  c o r r e c t  f o r  t h e  lower l e v e l  

C a l c u l a t e d  r e s u l t s  are compared t o  measured s p e c t r a l  

components. 
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TECHNICAL MEMORANDUM 

I. I N T R O D U C T I O N  

Excess ive  j i t t e r  has been n o t e d  i n  t h e  Lunar Module 

1 
R-F Track ing  Antenna d u r i n g  c o m p a t i b i l i t y  t e s t i n g  a t  t h e  

Manned S p a c e c r a f t  Cen te r ,  Houston, Texas.  It has been shown 
tha t  a major p o r t i o n  of t h i s  phenomenon i s  brought  about  b y t h e  
mixing  of Apollo Range Code f r equency  components w i t h  Up-Voice 
and Up-Data s u b c a r r i e r  f r e q u e n c i e s . *  The r ange  code f r e q u e n c i e s  
which prove  t o  be t h e  most d e t r i m e n t a l  are m u l t i p l e s  of 2Hz 

1 and 0 .18  Hz . O f  c o u r s e ,  fundamental  t o  t h e  a n a l y s i s  of such  
a problem, i s  t h e  e n t i r e  spectrum g e n e r a t e d  by  t h i s  pseudo- 
random code.  

With t h e  e x c e p t i o n  of Reference  1 and Reference  2 ,  
t h e r e  appea r s  t o  be  l i t t l e  p u b l i s h e d  conce rn ing  the  Apollo 
Range Code spec t rum i t s e l f .  Reference  1 i s  concerned w i t h  
t h e  s p e c t r a l  components appea r ing  i n  t h e  s p a c e c r a f t ' s  re -  
ce iver  and i t s  Coherent  Amplitude D e t e c t o r  o u t p u t  and does 
n o t  go i n t o  a n  a c t u a l  d e r i v a t i o n  of t h e  r ange  code s p e c t r a l  
components. Appendix C of  Reference  2 c o n t a i n s  a ve ry  b r i e f  
d e s c r i p t i o n  on t h e  s p e c t r a l  components. 

It i s  t h e  purpose o f  t h i s  memorandum t o  d e r i v e  t h e  
Apol lo  Pseudo-Random Range Code Baseband Spectrum as i t  a p p e a r s  
a t  t h e  i n p u t  t o  t h e  MSFN t r a n s m i t t e r .  T h i s  i s  accomplished 
from t h e  i n f o r m a t i o n  con ta ined  i n  Refe rence  3 and from t h e  ex- 
p e r i m e n t a l  data c o n t a i n e d  i n  Reference  4 .  Although, t h e  ex- 
p e r i m e n t a l  work i n c l u d e s  somewhat l i m i t e d  measurements on 
c o r r e l a t i o n ,  as w e l l  as s p e c t r a l  components, i t  c o n t a i n s  

memorandum. 
enough i n f o r m a t i o n  to spot ci,eck L'-- ------lA- - L C n Z r r - ; l  + l ? < ' r r  V L l - L i )  L l l e  I'Cau1ba w u b a ~ ~ i c u  

The spectrum d e r i v e d  i s  u s e f u l  i n  t h e  a n a l y s i s  of  t h e  
LM R-F T r a c k e r  problem, and may be u s e f u l  i n  o t h e r  communication 
a n a l y s e s  on t h e  Apollo Program and f u t u r e  manned space  f l i g h t  
programs.  

* I n c i d e n t a l  ampl i tude  modulat ion i s  a l s o  i n v o l v e d ,  b u t  
i s  n o t  of t h e  same mechanism as t h e  code e f f e c t s  and i s  n o t  
c o n s i d e r e d  h e r e i n  . 
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11. THE APOLLO PSEUDO-RANDOM CODE 

The J P L  Mark I* r ang ing  subsys tem,  used  i n  t h e  
Apollo U n i f i e d  S-Band Sys tem,  de t e rmines  r ange  from t h e  time 
de lay  o f  a d i g i t a l  sequence;  t h e  de lay  b e i n g  i n t r o d u c e d  by  
t r a n s m i t t i n g  an  R-F c a r r i e r ,  modulated by  t h e  sequence ,  t o  
and from t h e  s p a c e c r a f t .  T h i s  b i n a r y  sequence i s  c locked  
a t  approx ima te ly  1 MHz and belongs t o  a f a m i l y  of codes  
c a l l e d  Pseudo-Random, o r  Pseudo-Noise ( P N ) ,  s equences .  

The Apol lo  Code i s  made up of t h e  f o l l o w i n g  
components: 

Component 

C a .  

B i t  Length 

2 

Type  of Code 

Clock 

11 Barke r  Code X 

Maximal  Length A 3 1  

B 63 S h i f t  Regis te r  

C 1 2  7 Codes 

When t h e  above components are combined i n  accordance  
w i t h  t h e  Boolean e x p r e s s i o n  

c.& @ Tf [AB + AC + BC]*' 

a n  o v e r a l l  code p e r i o d  of approximate ly  f i v e  and one-ha l f  m i l l i o n  
b i t s  r e s u l t s .  ( i , e . ,  t h e  product  of t h e  sequence l e n g t h s . )  Thus, 
t h e  code p e r i o d  i s  greater  t h a n  t h e  earth-moon round t r i p  
p r o p a g a t i o n  t i m e .  

111. PN SEQUENCE CHARACTERISTICS 
3 

PN sequences  e x h i b i t  t h e  f o l l o w i n g  b a s i c  c h a r a c t e r i s t i c s :  

1. A s  shown i n  F igu re  1 PN sequences  ( b i n a r y )  have two- 
l e v e l  a u t o c o r r e l a t i o n  f u n c t i o n s .  

*See Reference  5 and t h e  b i b l i o g r a p h y  i n  Reference  6 f o r  
a d d i t i o n a l  J P L  documents. 

**Sometimes shown i n  a n  e q u i v a l e n t  form of  

X C &  + x [(AB + BC + AC) 8 CJ?.] 
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( E + l >  "zeros" and ( E - 1 )  , there are - 2. In length "E" 2 "ones" or vice versa. 

3. Sequences formed by logical operations on two or 
more component PN sequences can exhibit multiple 
peaks in the autocorrelation function. However, 
the composite waveform can be broken into simpler 
waveforms each of which can be transformed to the 
frequency domain and superimposed (see page 77, 
Reference 3). 

4. The normalized autocorrelation function ( p )  can 
be determined from a Karnaugh Chart* by simply 
using an agreement-disagreement relation, i.e. 

number agreements-number disagreements 
= number agreements + number disagreements 

5. By combining a PN sequence with a clock signal, 
having a period equal to two PN bit intervals, 
the correlation function exhibits inverted 
(negative) portions when the PN components are 
in phase and the clock i s  one-half period out 
of phase, (relative to 'I = 0). 

IV. AUTOCORRELATION FUNCTION 

A measured autocorrelation function for the Apollo 
L d a r  Code is shown in Figure 2.' 
intervals shown is relatively small (compared to the length 
of the combined Code), definite characteristics are seen. 
Pronounced peaks occur at 11 bit intervals indicating an 

component contribution and are alternately positive and 
negative as mentioned in item 5 above. Notice peaks occurring 
at 31 bit intervals - contribution due to the A component of 
the code and again alternately positive and negative. With 
this information, (and that shown on Figure 1) one can sketch, 

without any long rigorous mathematical equations.** 

Although the number of bit 

I? 11 

as ill Ffg-ure 3,  t h e  c-jly%e-iatiofi f i lf ictiofi  foy  t;=th )c and A 

*The negative portion shown in Figure 1 has been neglected. 

**In this memorandum the probabilities are assumed equal in 
the chart. 
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T h i s  measured c o r r e l a t i o n  f u n c t i o n  has been 
de termined  by comparing t h e  l o c a l l y  g e n e r a t e d  code w i t h  
t ha t  r e c e i v e d  from t h e  spacecraf t .  The s p e c t r a l  data t o  
be  used  i n  l a t e r  p a r a g r a p h s ,  however, i s  MSFN baseband 
data, i . e . ,  b e f o r e  modula t ion .  Thus,  i t  i s  n o t  s u b j e c t  t o  
any modula t ion  or de-modulation parameters normal ly  i n v o l v e d  
i n  t r a n s m i t t i n g  t o  and from t h e  s p a c e c r a f t .  

S i n c e  t he re  are f i v e  bas ic  code components (see page 
forming  t h e  Apollo Range Code the re  e x i s t s  t h e  p o s s i b i l i t y  o f  
hav ing  t h e  f o l l o w i n g  i n d i v i d u a l  waveforms adding  t o g e t h e r  t o  
form t h e  composi te  c o r r e l a t i o n  waveform: 

CR 

c ax  

C RA 

C RB 

C R C  

C RXA 

C RXB 

c RXC 

C R  AB 

C k  A C  

C R  BC 

C R  XAB 

C R  XAC 

C t  XBC 

CR ABC 

C R  XABC 

The Karnaugh Char t  can b e  used t o  d e t e r m i n e  t h e  
peak v a l u e  (which can be ze ro  i f  t h e  fundamenta l  component 
i s  n o n e x i s t e n t )  f o r  each  of t h e  above l i s t e d  p o s s i b l e  cor -  
r e l a t i o n  components. O f  cou r se ,  t h e  i n d i v i d u a l  c o r r e l a t i o n  
waveforms must add t o  "one" a t  T = 0 .  

Karnaugh Charts  - F i g u r e  4 i l l u s t r a t e s  t h e  ca l cu -  
l a t i o n  of t he  l lc lockl l  c o r r e l a t i o n  component. O t h e r  components 
a r e  calculated ir! t h e  same manner; keelsing i n  mind t h a t  t h e i r  
sum must add t o  one (1) a t  'I = 0 .  

t h e s e  compohents i s  n e g l i g i b l e . 7  
o b t a i n e d  from t h e  Karnaugh c h a r t s .  

C r o s s - c o r r e l a t i o n  between 
T a b l e  1 summarizes t h e  r e s u l t s  



BELLCOMM, INC. - 5 -  

I V .  PSEUDO-RANDOM RANGE CODE SPECTRUM 

Having de termined  t h e  c o r r e l a t i o n  components 
(Tab le  1) t h e  co r re spond ing  spectrum i s  found e a s i l y  from 
t h e  F o u r i e r  Transform* 

T 

'T 
-7 

S i n c e  t h e  spec t rum i s  found i n  such  a s t r a i g h t f o r w a r d  manner, 
o n l y  t h e  "X" s p e c t r a l  components w i l l  be d e r i v e d  and t h e  
o t h e r s  s imply l i s t e d  i n  Table 2 .  However, t h e  r e s u l t s  ob- 
t a ined  w i l l  be compared w i t h  a spectrum a n a l y z e r  p l o t  
(Refe rence  4 )  t o  conf i rm t h e i r  v a l i d i t y .  Some o f  t h e  o t h e r  
components d e r i v e d  canlzot b e  v a l i d a t e d  from t h e  a n a l y z e r  p l o t  
because  t h e y  are of such  a low l e v e l  t h e y  cannot  b e  d i s t i n g u i s h e d .  

These low- leve l  very low f requency  components p rove  
t o  be t h e  most d e t r i m e n t a l  t o  t h e  LM-RF t r a c k  s y s t e m  as men- 
t i o n e d  i n  t h e  I n t r o d u c t i o n .  

Transform of t h e  "X" component. R e f e r r i n g  t o  
F i g u r e  3 i t  i s  s e e n  t h a t  t h e  "X" c o r r e l a t i o n  waveform can  
be broken i n t o  two components: a p o s i t i v e  waveform c a l l e d  
y ( ~ )  and a n e g a t i v e  waveform c a l l e d  z ( T ) .  Cons ider  j u s t  y ( ~ )  
as shown on F i g u r e  5a and i t s  d e r i v a t i v e s  shown i n  F i g u r e  5b 
and c .  The waveform shown i n  c i s  now i n  a most conven ien t  
form f o r  t r a n s f o r m i n g  t o  t h e  f requency  domain. Thus pro-  
c e e d i n g  w i t h  t h e  t r a n s f o r m  of  t hese  d e l t a  f u n c t i o n s ,  and 
i n t e g r a t i n g  t w i c e ,  w e  have:  

where w 0 = 2 n f o  ( fundamenta l  f requency  of  Y(T)) 

F = F o u r i e r  Transform 

P = One b i t  i n t e r v a l  

* 
I n  t h e  d e s i g n a t i o n  "x component" t h e  c l o c k  o p e r a t i o n  on 

o r i g i n a l  "x" sequence i s  i m p l i e d .  
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and 

4 k ( s i n 2  nwop/2) 
- - = k s i n 2  A 

2 k x  P 2 n 2 w2 2Rx A2 

T = 211, p n r  where A = - 
R X  

Except for a s i g n  change and a s h i f t  of 110 , Z ( T )  
t r a n s f o r m s  i n  t h e  same mamer. Thus 

- jnwol lp  -k s i n 2  A e 

2 R x  A 2  
F { Z ( T ) )  = - 

Combining e q u a t i o n s  ( 2 )  and ( 3 )  

k s i n 2  A (1 - e - j n r )  F{X(- r ) )  = - 
"x A2 

( 3 )  

( 4 )  

Examinat ion o f  ( 4 )  shows (1 - e - jnT)  t o  be z e r o  when n i s  
e v e n ,  i . e . ,  n=o,  t 2 ,  5 4 ,  t 6 ,  * . . .  When n o t  z e r o ,  i t  i s  
2 .  The re fo re  e q u a t i o n  ( 4 )  can  b e  w r i t t e n  a s :  

1 
=4a 

X 

2 nn s i n  - 

2 odd n 

1 s i n c e  k = '4, from T a b l e  1. 
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Equa t ion  ( 6 )  i s  ske tched  on F igu re  6 .  The measured d a t a  on 
F i g u r e  7 a g r e e s  w i t h  F i g u r e  6 ,  i n  t h a t  t h e  spectrum f o l l o w s  

m u l t i p l e s  o f  45 KHz which i s  t h e  fundamental  f requency  o f  
t h e  X component. Also e v i d e n t  i n  F i g u r e  7 i s  t h e  c l o c k  
component appea r ing  a t  about  496 KHz. If a c l o c k  component 
i s  c o n s i d e r e d  i n  Equat ion  ( 6 )  t h e r e  shou ld  be s p e c t r a l  l i n e s  
a p p e a r i n g  a t  odd m u l t i p l e s  o f  496  KHz. F i g u r e  8 shows a 
pronounced s p e c t r a l  l i n e  a t  approximate ly  3 x 496 KHz ( abou t  
1500 KHz). 

sin 
t y p e  envelope and t h e  s p e c t r a l  l i n e s  appea r  a t  odd 

It fo l lows  t h a t  e q u a t i o n  ( 6 )  can be g e n e r a l i z e d  t o  
accoun t  f o r  a l l  s p e c t r a l  components a r r i v i n g  from T a b l e  1. 
Thus , 

2 n r  s i n  - 
2 R h  
2 [ EJ 

, n odd ( 7 )  

where 

Q ( T )  - r ep resen t , s  t h e  components i n d i c a t e d  on Table I .  

R - r e p r e s e n t s  t h e  sequence l e n g t h s  g iven  on page 2. 

F i g u r e s  9 , 1 0 ,  and 11 i l l u s t r a t e  t h e  s p e c t r a l  make 
cb 

up of t hese  components and i n d i c a t e s  t h e i r  r e l a t i v e  ampl i -  
t u d e s .  For  convenience ,  t h e  envelope  ampl i tude  for t h e  
c l o c k  s i g n a l  a t  f = o  i s  t a k e n  as a r e f e r e n c e  and t h e  o t h e r  
enve lopes  expres sed  i n  d B  down from t h e  c l o c k  enve lope .  

SUMMARY 

Table  2 ,  i n  e s sence ,  summarizes t h e  r e s u l t s  o f  t h i s  
memorandum. It l i s t s  t h e  fundamental  f requency  components 
a p p e a r i n g  i n  t h e  Apollo Pseudo-Random-Range Code spec t rum as 
w e l l  as theli l  i ~ ~ l ~ t l ~ v ~ e  a ~ p l i t u d e s .  The code i s  such  tha t  i t  
p roduces  a spec t rum which can b e  c o n s i d e r e d  as due t o  t h e  
combina t ion  of t he  v a r i o u s  code e l emen t s .  These s p e c t r a  - 

envelope  and have f requency  components r e l a -  have a 

t e d  t o  t h e  l e n g t h  of t h e  code combina t ions .  The l o n g e r  t h e  
code ,  t h e  lower (more c l o s e l y  spaced)  t h e  f r e q u e n c i e s  and t h e  
co r re spond ing  lower a m p l i t u d e s .  

s in '  x 
X2 
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It is these low frequencies which have been of concern 
in the studies of the LM-RF tracker problem. 

i ,-. 

2034-WJB-ew 

Attachments 
Tables I & I1 
Figures 1 - 11 

W. J. Beqqen 
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TABLE I 

CORRELATION COMPONENTS* WHICH ADD TO FORM 

COMPOSITE CORRELATION F U N C T I O N  OF THE 

APOLLO PSEUDO-RANDOM RANGE CODE 

Comp onent 

C R  

c ax 

C LA 

C RB 

c RC 

C UA 

C U B  

CRXC 

C RABC 

CRXABC 

Peak Amplitude 

1/4 

1/4 

1 /16  

1/16 

1/16 

1/16 

1/16 

1/16 

1/16 

1/16 

*Cross c o r r e l a t i o n  between components has been assumed 
n e g l i g i b l e .  I f  cons idered ,  t h e r e  would be very small 
components r e s u l t i n g  from CR AB, C R  A C ,  C R  BC, C R  XAB,  CR X A C ,  

and C R  XBC.  ( s e e  Reference 7 )  
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TABLE 2 

SPECTRAL COMPONENTS OF THE APOLLO 

PSEUDO-RANDOM RANGE CODE 

AT f = O  

Code Amplitude Relat ive 
C omp one n t  t o  Clock Envelope 

S p e c t r a l  L i n e s  Occur 
a t  ( 2 n + l )  fo fo Equals 

C k  - 0 . 0 d B  

CaX - 10.4 dR 

C EA 

cng 

CnC 

CEXA 

C aXB 

cnxc 
C MBC 

- 2 1 . 0  d B  

- 24.0 dB 

- 27.0 dB 

- 31.3 d B  

- 34.5 dB 

- 37.5 dB 

- 60.0 dB 

C aXABC - 70.4 dB 

496.4 KHZ 

45.1 KHZ 

16.0 KHZ 

7.87 KHZ 

3.90 KHZ 

1.45 KHZ 

716.0 HZ 

355.0 HZ 

2.0 HZ 

.I86 HZ 
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Figure 2. Measured Correlation Function of Apol lo Psuedo- 

Random Range Code (Reference 4) . 
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Figure 5.  Uitterentiation of Y(Tj, the Positive Portion of clX(Tj,  io Accompiish ihe Fourier 
Transform. 
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Figure 9. Spectral makeup of ApoIlo Range Code Components: cA, X and A (only one line 
shown for.clarity purposes - Qot to scale) - -  



7 

--- 24 db Down from Clock 

(2n+l) (7.87 KHz) 

1 I 
n- 

f- 1 2 
17KHzp p 

27 db Down from Clock 

(2n+l) (3.90KHz) -- 
I 1 

- 
f- 2 - 1 

3.FOKHz p 

31.3 db Down from Clock 
Component - XA 

(2n+l) (1.45KHz) - - 
1 2 f- 1.45Ki-i~ p p 

34.5 db Down from Clock 
Component - XB 

- 
1 I 
-- 

1 - 2 f -  716Hz p 

Figure 10. Spectral makeup of Apollo Range Code Components: B ,  C, XA, and XB (only 
one line shown for clarity purposes - not to scale) 
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Figure 11. Spectral makeup of Apollo Range Code Components: XC, ABC and XABC (only 
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